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Erythropoietin-producing hepatocellular receptor-2 (EphA2) overexpression is prevalent 
in many types of human cancers, and it has been reported that high EphA2 expression is correlated 
with malignancy. Recent studies revealed that processing of EphA2 by cleaving off the 
N-terminal portion by membrane-type 1 matrix metalloproteinase (MT1-MMP) promotes invasion 
via stimulation of Ras in cancer cells in vitro. The objectives of this study were to investigate 
the presence and role of EphA2 processing in cutaneous squamous cell carcinoma (SCC) tissues. 
EphA2 (C-terminal and N-terminal) and MT1-MMP expression patterns and levels were analyzed 
immunohistochemically in SCC (n=70) and Bowen disease (BD; n=20). Levels of MT1-MMP and EphA2 
expression were evaluated using digital image analysis. Proximity between MT1-MMP and EphA2 
in cancer cells and its effect on EphA2 processing were investigated using a combination of 
in situ Proximity Ligation Assay (PLA) and western blotting. Immunohistochemical analyses 
showed that levels of EphA2 N-terminal expression were significantly lower than those of EphA2 
C-terminal expression in SCC, whereas levels of EphA2 C- and N-terminal expression were similar 
in BD. Western blotting showed processed EphA2 fragments in human SCC tissues. Expression 
levels of MT1-MMP, EphA2, and processed EphA2 fragments were higher in SCC than BD. Proximity 
between MT1-MMP and EphA2 in SCC was demonstrated by in situ PLA. Our results suggest possible 









Cutaneous squamous cell carcinoma (SCC) is one of the most common types of skin cancer 
[1]. SCC frequently arises on the sun-exposed skin of middle-aged and elderly persons, and 
the incidence of SCC has been increasing in recent years. SCC is thought to develop from SCC 
in situ, such as Bowen disease (BD) or actinic keratosis. Degradation of stromal connective 
tissue and basal membrane components is a key element in tumor invasion and metastasis. Recent 
studies revealed that the invasion process involves multiple proteolytic enzymes, such as 
matrix metalloproteinase (MMP) -2, MMP-9, and membrane-type 1 matrix metalloproteinase 
(MT1-MMP), but the precise mechanism has yet to be elucidated [2-4]. 
Overexpression of erythropoietin-producing hepatocellular receptor-2 (EphA2) is 
prevalent in numerous solid tumors, including those of the breast [5], ovary [6], lung [7], 
brain (e.g., glioblastoma) [8], prostate [9], kidney [10] and skin (e.g., melanoma) [11]. 
Moreover, high EphA2 expression is reportedly correlated with disease stage, increased tumor 
metastasis, and poor patient survival, suggesting EphA2 as a candidate prognostic marker for 
a panel of human malignancies [12-15]. EphA2 is a member of the Eph family of receptor tyrosine 
kinase, which interact with cell-bound ligands known as ephrins [16,17]. Furthermore, soluble 
EphrinA1 (sEphrin-A1) can be detected in the culture media of tumor cells and is present in 
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the serum of patients with liver cancer [18-20]. In normal cells, EphA2 stimulation with 
EphrinA1 inhibits Ras and its downstream signals, leading to suppression of the EGF-EGFR 
signaling pathway. In contrast, overexpression of EphA2 in cancer cells promotes invasion and 
metastasis in a ligand-independent manner [21-23]. The ligand-binding domain of EphA2, which 
resides in the N-terminal portion of the molecule, was recently shown to be cleaved by MT1-MMP, 
activating an oncogenic signal that results in enhanced cancer cell motility and invasion, 
even though soluble Ephrin-A1 is abundantly expressed [24,25].  
Upregulation of MT1-MMP expression is frequently observed in many types of human cancers 
[26]. MT1-MMP is a membrane-bound MMP that plays a critical role in the activation of pro-MMP-2 
and the degradation of a number of extracellular matrix (ECM) components as well as in the 
cleavage of cell-surface bioactive molecules [27-29]. By cleaving adjacent ECM components, 
MT1-MMP promotes cancer cell invasion through the basement membrane. Furthermore, membrane 
proteins cleaved by MT1-MMP modulates a variety of biological activities [30]. 
To our knowledge, there are no published reports evaluating the role of EphA2 expression 
in cutaneous SCC, particularly with respect to EphA2 processing. Here, we compared the 
processing of EphA2 in invasive SCC and pre-invasive BD by immunostaining and western blotting 
analyses. Moreover, mediation of EphA2 processing by MT1-MMP was evaluated through the use 
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of an in situ proximity ligation assay (PLA). 
 
Materials and Methods 
Tissue samples 
The study material comprised 70 SCC samples from 34 males and 36 females (age range, 
46–99 [mean, 75] years) and 20 BD samples from 12 males and 8 females (age range, 64–90 [mean, 
77] years) obtained from the skin tumor files of the Department of Pathology, Fukuoka University 
Hospital, between 1995 and 2013. The study protocol was approved by the Ethics Committee of 
Fukuoka University School of Medicine. Anonymous use of redundant tissue is part of the standard 
treatment agreement with patients in our hospitals when no objection has been expressed. 
 
Immunohistochemistry 
Surgically resected specimens were fixed in 10 % formalin and processed into paraffin 
blocks. Tissues were sectioned (3-μm thickness), and the sections were deparaffinized and 
immersed in 0.3 % hydrogen peroxide in methanol for 10 min at room temperature (RT) to block 
endogenous peroxidase activity and then heated in 10 mM citrate buffer (pH 6.0) in a microwave 
7 
 
oven (700 W) for 10 min to retrieve epitopes. After nonspecific sites were blocked with 5% 
nonfat dry milk for 1 h at RT, sections were incubated overnight at 4°C with polyclonal 
antibodies against MT1-MMP (1:75; Millipore, Temecula, CA) [24], EphA2–C-terminal (1:200; 
Santa Cruz Biotechnology, Santa Cruz, CA) [25], or EphA2–N-terminal (1:800; Abgent, San Diego, 
CA, USA) [31]. Sections were then washed and incubated with ChemMate EnVision (Dako, 
Carpinteria, CA, USA). Immunoreactive proteins were visualized with 3, 3’-diaminobenzidine 
(DAB; Dako), followed by counterstaining with hematoxylin. In all cases we stained normal 
control skin sections on the same glass to elucidate the staining pattern and intensity in 
normal epidermis. 
On assessment of immunohistochemical results, almost same expression levels of N- and 
C-terminals of EphA2 indicated that EphA2 expressed likely retained the N-terminal 
ligand-binding domain. In contrast, reduced expression levels of EphA2 N-terminal compared 
with the C-terminal indicated that EphA2 N-terminal was likely cleaved off [25]. 
 
Visual and computer supported evaluation of immunohistochemical staining 
Immunohistochemical expression of MT1-MMP, EphA2–C-terminus, and EphA2–N-terminus in 
SCC and BD samples was assessed using Tissue Studio v.2.0 software (Definiens AG, Munich, 
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Germany). For image analysis, each immunohistochemically stained slide was scanned and 
converted to a whole-slide image (WSI, also known as a virtual slide) with NanoZoomer 2.0-RS 
(Hamamatsu Photonics, Hamamatsu, Japan) at 20× magnification. On each WSI, the tumor area 
was selected utilizing a hand-drawing tool, and tumor cells exhibiting cytoplasmic expression 
of MT1-MMP and EphA2 were identified with Tissue Studio v.2.0 installed on the server for 
NanoZoomer 2.0-RS. The DAB color intensity of positive tumor cells in every unit area was 
measured, and the average value per unit area (/μm2) was calculated using Tissue Studio v.2.0. 
The intensity of MT1-MMP and EphA2 staining was also measured in epithelial cells of normal 
skin, which had been added as control to each sample glass slide with tumor tissues. Furthermore, 
the ratio of the average staining intensity of tumor cells to that of control epithelial cells 
was calculated.  
 
Cell culture and stable knockdown of MT1-MMP using shRNA 
To assess MT1-MMP-mediated processing of EphA2, we used human HT1080 fibrosarcoma 
cells (American Type Culture Collection, Manassas, VA) and HT1080-short hairpin (sh)-MT1-MMP 
(knockdown) cells, which were cultured in DMEM supplemented with 10 % FBS, streptomycin (50 
μg/ml), penicillin G (50 U/ml), and blastcidin (50 μg/ml). For stable knockdown of MT1-MMP 
9 
 
by shRNA, MT1-MMP knockdown cells were established using the Virapower Lentiviral Expression 
System (Invitrogen; Carlsbad, CA) and the cells were maintained in the presence of 10 μg/ml 
of blasticidin (Invitrogen; Carlsbad, CA). The shRNA sequences used for knockdown of MT1-MMP 
was 5′-cagcgatgaagtcttcactta-3′ [25]. 
 
Protein extraction and western blotting  
All specimens were frozen immediately in liquid nitrogen, embedded in tissue compound, 
and kept at −80°C until use. Cells in frozen tissues were lysed in RIPA lysis buffer (50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40; Millipore, Bedford, MA), sonicated on ice 
three times for 10 min each, and the resultant lysates were centrifuged at 15000 rpm for 20 
min at 4°C. The resultant supernatants were subjected to sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). After electrophoresis, the proteins 
were transferred electrophoretically to an Immobilon membrane (Millipore). Nonspecific sites 
were blocked with 5% dry nonfat milk in TBS at 37°C for 1 h, and the membrane was then incubated 
overnight at 4°C with anti-EphA2 (Santa Cruz Biotechnology) [25] and anti-MT1-MMP (AB6004, 
Millipore) [24] antibodies. After washing with TBS-T (TBS containing 0.05% Tween-20), the 
membrane was incubated for 1 h with peroxidase-conjugated anti-rabbit IgG. Color was developed 
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with chemiluminescence reagents according to the manufacturer’s instructions (PerkinElmer, 
Waltham, MA). 
 
In situ Proximity Ligation Assay 
Tumor tissues were analyzed using the Duolink PLA (Olink, Uppsala, Sweden), which 
allows the identification of protein-protein interactions. This technique uses modified 
secondary antibodies that bind to the Fc portion of two different primary antibodies targeted 
against candidate proteins of interest. These secondary antibodies are linked to a system that 
produces oligonucleotides by rolling nucleotide amplification if the proteins to which they 
are bound are in proximity. Probes that will fluoresce in the presence of oligonucleotides 
are then added. Thus, each fluorescent signal represents a point of endogenous protein-protein 
interaction. PLAs were performed according to the manufacturer’s instructions. Briefly, 
sections were pretreated, and primary antibodies against the EphA2 C-terminal (1:200; Santa 
Cruz Biotechnology) [25], EphA2 N-terminal (1:800; Abgent) [31] , and MT1-MMP (1:75) [30] were 
applied as detailed for immunohistochemistry. For isotype controls, primary antibody was 
substituted with either rabbit (EphA2 C-terminal or EphA2 N-terminal) or mouse (MT1-MMP) IgG. 
Sections were then washed twice for 5 min each in Duolink wash buffer A (Olink) before PLA 
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PLUS and MINUS probes (Olink) were applied for 1 h at 37°C. Following washing (as previously), 
ligation-ligase solution (Olink) was applied to each sample for 30 min at 37°C. Sections were 
washed again, and amplification-polymerase solution (Olink) was applied for 100 min at 37°C. 
Sections were then washed twice for 10 min each in 1× Duolink wash buffer B (Olink) and then 
for 1 min in 0.01× Duolink wash buffer B before being allowed to air dry. Dried sections were 
mounted with Duolink II Mounting Medium with DAPI (Olink) before images were captured using 
the DeltaVision Deconvolution System (Applied Precision, Inc., Issaquah, WA). In paraffin 
sections of formalin-fixed tissues, dot signals were visualized with DAB. The number of in 
situ PLA signals per cell was determined using Tissue Studio v.2.0. 
 
Statistical analysis 
Quantitative data are presented as mean ± standard deviation (SD) and were analyzed 
using the Student’s t-test. A p-value < 0.05 was considered indicative of statistical 







Table 1 summarizes the clinical characteristics of the 70 patients with SCC and 20 patients 
with BD. In SCC patients, 37% (26 of 70) of the lesions were located on the face and sun-exposed 
parts, consistent with many reports of SCC on sun-exposed skin, such as the forehead, face, 
ears, scalp, neck, and dorsum of the hands. Both SCC and BD showed no gender or age predilection.  
 
Immunochemical staining of EphA2 and MT1-MMP 
Expression of EphA2 and MT1-MMP was examined immunohistochemically in SCC and BD, and 
representative examples are shown in Figure 1. Both EphA2 and MT1-MMP were expressed on the 
cell membrane and in the cytoplasm. In SCC and BD tissues, EphA2 was expressed diffusely 
throughout the tumor in most cases. MT1-MMP immunolocalization tended to be uneven with more 
intensities in infiltrative portions in SCC, while BD cells almost evenly expressed MT1-MMP. 
Quantitative assessment of immunoreactivity is illustrated in Figure 2. In invasive SCC, levels 
of EphA2 N-terminal expression were significantly lower than levels of EphA2 C-terminal 
expression (p < 0.001). In contrast, expression levels of the C- and N-terminals of EphA2 were 
similar in BD (p = 0.2244). Expression of MT1-MMP was observed in both SCC and BD, and its 
expression levels were higher in BD than in SCC (p < 0.001). Furthermore, within invasive SCC, 
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we examined the correlation between expression levels of EphA2 and MT1-MMP and 
clinicopathological parameters (n = 70). Regardless of tumor stratification such as 
differentiation, Clark level and lymph node metastasis, expression levels of EphA2 N-terminal 
were significantly lower than those of EphA2 C-terminal (Table 2). As for tumor thickness (< 
2 mm vs ≥ 2 mm; according to NCCN guidelines version 2.2012 [32]), tumors with invasion ≥ 2 
mm showed significantly lower expression levels of EphA2 N-terminal than those of EphA2 
C-terminal, while no significant difference was found in tumors with invasion < 2 mm. MT1-MMP 
expression levels showed no significant difference according to the tumor stratification (data 
not shown). 
 
Detection of EphA2 and MT1-MMP protein in human cutaneous SCC and BD tissues 
We examined the expression of EphA2 and MT1-MMP protein using western blotting analysis 
of frozen human tissue samples (2 SCC and 2 BD tissue samples). Bands representing processed 
EphA2 fragments (50–65 kDa) were detected in extracts of human SCC tissue. EphA2 was expressed 
as a 130-kDa band, and MT1-MMP appeared as a 65-kDa band. EphA2 and MT1-MMP were noted in 





Expression and interaction of EphA2 and MT1-MMP in HT1080 cells 
Next, we examined whether the protein-protein interaction between EphA2 and MT1-MMP 
occurs using in situ PLA with human HT1080 fibrosarcoma cells in vitro. In MT1-MMP-expressing 
HT1080 cells, signals indicating interaction between the C-terminal of EphA2 and MT1-MMP were 
observed (Figure 4a, 34.8 ± 2.53 signals/cell (mean ± SE, n = 10)), and processed EphA2 
fragments were detected by western blotting analysis (Figure 4b). In contrast, in HT1080 
MT1-MMP-knockdown cells, few signals indicative of interaction were observed (3.1 ± 0.35 
signals/cell (mean ± SE, n = 10), p < 0.001), and fewer processed EphA2 fragments were detected 
(Figure 4a, b). 
 
EphA2 and MT1-MMP interaction in human cutaneous SCC and BD tissues 
To examine whether EphA2 and MT1-MMP interact in vivo, we performed an in situ PLA 
using human cutaneous SCC and BD tissues. Signals indicating interaction between EphA2 (both 
the C- and N-terminals) and MT1-MMP were observed in both SCC and BD tissues (Figure 5a). In 
SCC tissues, fewer signals indicative of interaction between MT1-MMP and the N-terminal of 
EphA2 were observed compared with MT1-MMP and the C-terminal of EphA2, although the difference 
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was not statistically significant (p = 0.3). There was no significant difference in signal 
counts in the BD tissues (Figure 5b). 
 
Discussion 
To the best of our knowledge, this is the first report that shows presence of EphA2 
processing and its possible involvement in invasiveness in human cutaneous SCC tissues. 
Although the processing of EphA2 by MT1-MMP into a ligand-independent, biologically active 
form was recently reported by Koshikawa et al. [25] predominantly in vitro using cell lines 
or using animal models, frequent occurrence of this processing was also shown in vivo in human 
SCC tissues in this report. Furthermore, the processing of EphA2 was studied comparatively 
between invasive SCC and pre-invasive BD tissues. EphA2 was cleaved and processed in invasive 
SCC but not in pre-invasive BD, because immunohistochemical expression of N-terminal EphA2 
was significantly reduced in SCC compared with that of C-terminal EphA2, while this reduction 
was not seen in BD. We also observed processed EphA2 fragments by western blotting. Moreover, 
in situ PLA results showed protein-protein interactions between EphA2 and MT1-MMP. Our findings 
suggest that MT1-MMP is likely the cleavage protease of EphA2. Protein quantification using 
digital image analysis improved the accuracy in this study.  
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Upon ligand binding, EphA2 is autophosphorylated at cytoplasmic tyrosine residues. As 
a result, p120Ras-GTP, which inactivates Ras, is recruited and then inhibits the EGF-EGFR 
signaling pathway [22] [18] [33]. In normal cells, therefore, ligand-dependent EphA2 
activation inhibits oncogenic signaling pathways. In contrast, in cancer cells, 
ligand-independent EphA2 activation enhances malignancy. Ephrin-independent activities of 
EphA2 do not lead to inhibition of EGFR-associated growth pathways but stimulate Ras/Erk1/2 
activated via ErbB-receptor signaling [22]. Moreover, stimulation of ErbB receptors activates 
the PI3K/Akt pathway, leading to phosphorylation of EphA2 at cytoplasmic serine residues [18]. 
Consequently, ephexin-4 promotes RhoG activation and recruitment of the RhoG-GTP–binding 
proteins ELMO2 and DOCK4, resulting in Rac1 activation, which in turn leads to increased cell 
migration and invasiveness [23] [33]. A recent study demonstrated that the ligand-binding 
domain of EphA2 is cleaved by MT1-MMP, which enables the conversion of EphA2 into a 
ligand-insensitive form, which leads to activation of oncogenic signaling pathways such as 
Ras/Erk1/2 and PI3K/Akt, even though soluble Ephrin-A1 is abundantly expressed [24,25]. In 
the present study, we showed that EphA2 is processed in invasive SCC, but EphA2 processing 
was not detected in pre-invasive BD. These findings concur with other reports indicating that 
processing of EphA2 leads to an increase in invasiveness [24,25]. In MT1-MMP–expressing HT1080 
cells, close interaction of EphA2 and MT1-MMP and cleavage of EphA2 by MT1-MMP were clearly 
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demonstrated by in situ PLA and western blotting. In human cutaneous SCC tissues, proximity 
between MT1-MMP and EphA2 was also demonstrated by in situ PLA. These data suggest that MT1-MMP 
is likely the protease that cleaves EphA2 in cutaneous SCC. However, proximity between MT1-MMP 
and EphA2 was also demonstrated in BD. We speculate that an additional factor may be responsible 
for inducing the cleavage of EphA2 by MT1-MMP in invasive cutaneous SCC. In our study, SCC 
frequently developed in the head and neck region that includes sun-exposed skin, whereas BD 
occurred frequently in hands and legs, with only 2 cases in the head and neck region. As for 
development of SCC, exposure to UV in sunlight is generally recognized as the most important 
extrinsic factor, and other factors include radiation therapy, previous burns, inflammatory 
lesions and long standing ulcers [34]. The exact underlying causes of BD remain unclear, 
although multiple factors such as arsenic, coal tar, and HPV infection are likely to be 
responsible [34]. Regardless of pathogenetic factors and locations of SCC, EphA2 appears to 
be cleaved and activated in all invasive SCC. The genetical or epigenetic changes related to 
this processing of EphA2 might be missing in BD. 
EphA2 is frequently overexpressed in many types of cancer, and high EphA2 expression 
is often associated with aggressive cancer progression and malignancy [12-15]. Although 
numerous reports have shown that high EphA2 expression correlates with poor prognosis, some 
reports have shown that high EphA2 expression is not associated with reduced survival [35], 
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and others have indicated that high EphA2 expression is correlated with reduced survival only 
in univariate analyses [12]. Moreover, for patients with pathological stage I non-small cell 
lung carcinoma, higher expression of EphA2 is related to favorable clinicopathologic features 
[36]. This discrepancy may be explained by the presence or absence of EphA2 processing. In 
cancer cells, ligand-independent EphA2 activation is critical. Although ligand-dependent 
EphA2 activation leads to tumor suppression, ligand-independent EphA2 activation has been 
correlated with malignant transformation. As mentioned above, this ligand-independent 
activation of EphA2 is induced by MT1-MMP cleavage of EphA2. Upon this cleavage of EphA2, 
immunoreactivity to anti-EphA2 N-terminal antibody is lost. Therefore, we propose that it is 
important to evaluate not only with respect to EphA2 expression in general but also with respect 
to the levels of expression of both the C- and N-terminals of EphA2, for elucidating the role 
of EphA2. 
Upregulation of MT1-MMP, which is frequently observed in numerous types of cancer, 
promotes cancer cell invasion [29]. Our study revealed that MT1-MMP is expressed in both SCC 
and BD, with higher expression levels in BD than in SCC. Another study showed that although 
expression of MT1-MMP was higher in cutaneous SCC and BD compared with normal epithelium, there 
was no statistically significant difference in MT1-MMP expression between SCC and BD [3]. The 
authors of that report speculated that a complex involving MT1-MMP, MMP-2, and TIMP-2 mediates 
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invasiveness in SCC. In addition, analysis of the expression of only one of these molecules 
or the independent quantification of these molecular markers will not provide sufficient 
information to enable elucidation of the oncogenic mechanism, because these molecules act in 
a complex manner. Our results suggest that interaction between MT1-MMP and EphA2 plays a more 
critical role in the invasive mechanism of SCC than high MT1-MMP expression. 
  In the present study, protein staining intensity and in situ PLA signals were measured 
objectively using digital image analysis. Several manual scoring systems are used in order 
to semi-quantify protein expression based on staining intensity. However, manual scoring 
systems are time-consuming and are subject to significant intra- and interobserver variability. 
With the rise of advanced digital scanners, image-management tools, and image analysis software, 
the emphasis on digital pathology has grown substantially. Several studies have shown that 
quantification of protein expression using digital image analysis is a useful tool that 
complements manual scoring systems relying on pathologist interpretation [37-39]. We believe 
that digital image analysis is both reproducible and objective and is a powerful tool for 
assessing immunohistochemistry data. Quantitative analysis of immunohistochemistry data using 
digital image analysis improves both the accuracy and reproducibility of the pathologist’s 






We thank Ms. M. Onitsuka and Ms. H. Fukagawa for excellent technical assistance in 
immunohistochemical and in vitro studies. This work was supported in part by grants from the 
Research Center for Advanced Molecular Medicine, Fukuoka University and the Izumo City 
Supporting Cancer Research Project. 
 
Compliance with ethical standards 
This study was approved by the Ethics Committee of Fukuoka University School of Medicine (No 
14-9-09). 
 
Conflict of interest 






1. Teramoto Y, Nakamura Y, Yamada K, Yamamoto A (2014) Oral S-1 in advanced cutaneous squamous 
cell carcinoma. J Dermatol 41 (6):494-497. doi:10.1111/1346-8138.12498 
2. Kerkela E, Saarialho-Kere U (2003) Matrix metalloproteinases in tumor progression: focus 
on basal and squamous cell skin cancer. Exp Dermatol 12 (2):109-125 
3. Roh MR, Zheng Z, Kim HS, Kwon JE, Jeung HC, Rha SY, Chung KY (2012) Differential expression 
patterns of MMPs and their role in the invasion of epithelial premalignant tumors and invasive 
cutaneous squamous cell carcinoma. Exp Mol Pathol 92 (2):236-242. 
doi:10.1016/j.yexmp.2012.01.003 
4. Hernandez-Perez M, El-hajahmad M, Massaro J, Mahalingam M (2012) Expression of gelatinases 
(MMP-2, MMP-9) and gelatinase activator (MMP-14) in actinic keratosis and in in situ and 
invasive squamous cell carcinoma. Am J Dermatopathol 34 (7):723-728. 
doi:10.1097/DAD.0b013e31824b1ddf 
5. Zelinski DP, Zantek ND, Stewart JC, Irizarry AR, Kinch MS (2001) EphA2 overexpression causes 
tumorigenesis of mammary epithelial cells. Cancer Res 61 (5):2301-2306 
6. Thaker PH, Deavers M, Celestino J, Thornton A, Fletcher MS, Landen CN, Kinch MS, Kiener 
PA, Sood AK (2004) EphA2 expression is associated with aggressive features in ovarian carcinoma. 
Clin Cancer Res 10 (15):5145-5150. doi:10.1158/1078-0432.ccr-03-0589 
7. Brannan JM, Dong W, Prudkin L, Behrens C, Lotan R, Bekele BN, Wistuba I, Johnson FM (2009) 
Expression of the receptor tyrosine kinase EphA2 is increased in smokers and predicts poor 
survival in non-small cell lung cancer. Clin Cancer Res 15 (13):4423-4430. 
doi:10.1158/1078-0432.ccr-09-0473 
8. Liu F, Park PJ, Lai W, Maher E, Chakravarti A, Durso L, Jiang X, Yu Y, Brosius A, Thomas 
M, Chin L, Brennan C, DePinho RA, Kohane I, Carroll RS, Black PM, Johnson MD (2006) A genome-wide 
screen reveals functional gene clusters in the cancer genome and identifies EphA2 as a mitogen 
in glioblastoma. Cancer Res 66 (22):10815-10823. doi:10.1158/0008-5472.can-06-1408 
9. Taddei ML, Parri M, Angelucci A, Onnis B, Bianchini F, Giannoni E, Raugei G, Calorini L, 
Rucci N, Teti A, Bologna M, Chiarugi P (2009) Kinase-dependent and -independent roles of EphA2 
in the regulation of prostate cancer invasion and metastasis. Am J Pathol 174 (4):1492-1503. 
doi:10.2353/ajpath.2009.080473 
10. Herrem CJ, Tatsumi T, Olson KS, Shirai K, Finke JH, Bukowski RM, Zhou M, Richmond AL, 
Derweesh I, Kinch MS, Storkus WJ (2005) Expression of EphA2 is prognostic of disease-free 
interval and overall survival in surgically treated patients with renal cell carcinoma. Clin 
Cancer Res 11 (1):226-231 
22 
 
11. Margaryan NV, Strizzi L, Abbott DE, Seftor EA, Rao MS, Hendrix MJ, Hess AR (2009) EphA2 
as a promoter of melanoma tumorigenicity. Cancer Biol Ther 8 (3):279-288 
12. Miyazaki T, Kato H, Fukuchi M, Nakajima M, Kuwano H (2003) EphA2 overexpression correlates 
with poor prognosis in esophageal squamous cell carcinoma. Int J Cancer 103 (5):657-663. 
doi:10.1002/ijc.10860 
13. Shao Z, Zhang WF, Chen XM, Shang ZJ (2008) Expression of EphA2 and VEGF in squamous cell 
carcinoma of the tongue: correlation with the angiogenesis and clinical outcome. Oral Oncol 
44 (12):1110-1117. doi:10.1016/j.oraloncology.2008.01.018 
14. Liu Y, Zhang X, Qiu Y, Huang D, Zhang S, Xie L, Qi L, Yu C, Zhou X, Hu G, Tian Y (2011) 
Clinical significance of EphA2 expression in squamous-cell carcinoma of the head and neck. 
J Cancer Res Clin Oncol 137 (5):761-769. doi:10.1007/s00432-010-0936-2 
15. Holm R, de Putte GV, Suo Z, Lie AK, Kristensen GB (2008) Expressions of EphA2 and EphrinA-1 
in early squamous cell cervical carcinomas and their relation to prognosis. Int J Med Sci 5 
(3):121-126 
16. Wykosky J, Debinski W (2008) The EphA2 receptor and ephrinA1 ligand in solid tumors: 
function and therapeutic targeting. Mol Cancer Res 6 (12):1795-1806. 
doi:10.1158/1541-7786.mcr-08-0244 
17. Zhang J, Hughes S (2006) Role of the ephrin and Eph receptor tyrosine kinase families in 
angiogenesis and development of the cardiovascular system. J Pathol 208 (4):453-461. 
doi:10.1002/path.1937 
18. Beauchamp A, Debinski W (2012) Ephs and ephrins in cancer: ephrin-A1 signalling. Semin 
Cell Dev Biol 23 (1):109-115. doi:10.1016/j.semcdb.2011.10.019 
19. Wykosky J, Palma E, Gibo DM, Ringler S, Turner CP, Debinski W (2008) Soluble monomeric 
EphrinA1 is released from tumor cells and is a functional ligand for the EphA2 receptor. 
Oncogene 27 (58):7260-7273. doi:10.1038/onc.2008.328 
20. Alford S, Watson-Hurthig A, Scott N, Carette A, Lorimer H, Bazowski J, Howard PL (2010) 
Soluble ephrin a1 is necessary for the growth of HeLa and SK-BR3 cells. Cancer Cell Int 10:41. 
doi:10.1186/1475-2867-10-41 
21. Hiramoto-Yamaki N, Takeuchi S, Ueda S, Harada K, Fujimoto S, Negishi M, Katoh H (2010) 
Ephexin4 and EphA2 mediate cell migration through a RhoG-dependent mechanism. J Cell Biol 190 
(3):461-477. doi:10.1083/jcb.201005141 
22. Pasquale EB (2010) Eph receptors and ephrins in cancer: bidirectional signalling and beyond. 
Nat Rev Cancer 10 (3):165-180. doi:10.1038/nrc2806 
23. Miao H, Wang B (2012) EphA receptor signaling--complexity and emerging themes. Semin Cell 
Dev Biol 23 (1):16-25. doi:10.1016/j.semcdb.2011.10.013 
24. Sugiyama N, Gucciardo E, Tatti O, Varjosalo M, Hyytiainen M, Gstaiger M, Lehti K (2013) 
23 
 
EphA2 cleavage by MT1-MMP triggers single cancer cell invasion via homotypic cell repulsion. 
J Cell Biol 201 (3):467-484. doi:10.1083/jcb.201205176 
25. Koshikawa N, Hoshino D, Taniguchi H, Minegishi T, Tomari T, Nam SO, Aoki M, Sueta T, Nakagawa 
T, Miyamoto S, Nabeshima K, Weaver AM, Seiki M (2015) Proteolysis of EphA2 Converts It from 
a Tumor Suppressor to an Oncoprotein. Cancer Res 75 (16):3327-3339. 
doi:10.1158/0008-5472.can-14-2798 
26. Okada A, Bellocq JP, Rouyer N, Chenard MP, Rio MC, Chambon P, Basset P (1995) Membrane-type 
matrix metalloproteinase (MT-MMP) gene is expressed in stromal cells of human colon, breast, 
and head and neck carcinomas. Proc Natl Acad Sci U S A 92 (7):2730-2734 
27. Poincloux R, Lizarraga F, Chavrier P (2009) Matrix invasion by tumour cells: a focus on 
MT1-MMP trafficking to invadopodia. J Cell Sci 122 (Pt 17):3015-3024. doi:10.1242/jcs.034561 
28. Seiki M, Koshikawa N, Yana I (2003) Role of pericellular proteolysis by membrane-type 1 
matrix metalloproteinase in cancer invasion and angiogenesis. Cancer Metastasis Rev 22 
(2-3):129-143 
29. Seiki M (2003) Membrane-type 1 matrix metalloproteinase: a key enzyme for tumor invasion. 
Cancer Lett 194 (1):1-11 
30. Koshikawa N, Mizushima H, Minegishi T, Eguchi F, Yotsumoto F, Nabeshima K, Miyamoto S, 
Mekada E, Seiki M (2011) Proteolytic activation of heparin-binding EGF-like growth factor by 
membrane-type matrix metalloproteinase-1 in ovarian carcinoma cells. Cancer Sci 102 
(1):111-116. doi:10.1111/j.1349-7006.2010.01748.x 
31. Xiaoyin H, Jiandon W, Qian S, Haijin F, Xiaoxiang G, Jinghua W (2013) EphA2/CD10/Bcl-6/MUM1 
contributes to subclassification of diffuse large B cell lymphoma Journal of International 
Translational Medicine Journal of International Translational Medicine 1 (3):101-106 
32. Chu MB, Slutsky JB, Dhandha MM, Beal BT, Armbrecht ES, Walker RJ, Varvares MA, Fosko SW 
(2014) Evaluation of the definitions of "high-risk" cutaneous squamous cell carcinoma using 
the american joint committee on cancer staging criteria and national comprehensive cancer 
network guidelines. J Skin Cancer 2014:154340. doi:10.1155/2014/154340 
33. Lisabeth EM, Falivelli G, Pasquale EB (2013) Eph receptor signaling and ephrins. Cold Spring 
Harb Perspect Biol 5 (9). doi:10.1101/cshperspect.a009159 
34. Weedon D, Morgan M. B, Gross C, Nagore E, L YL (2003) World Health Organization 
Classification of Tumours. Pathology and Genetics of Skin Tumours. IARC Press, Lyon, France 
35. Holm R, Knopp S, Suo Z, Trope C, Nesland JM (2007) Expression of EphA2 and EphrinA-1 in 
vulvar carcinomas and its relation to prognosis. J Clin Pathol 60 (10):1086-1091. 
doi:10.1136/jcp.2006.041194 
36. Ishikawa M, Miyahara R, Sonobe M, Horiuchi M, Mennju T, Nakayama E, Kobayashi M, Kikuchi 
R, Kitamura J, Imamura N, Huang CL, Date H (2012) Higher expression of EphA2 and ephrin-A1 
24 
 
is related to favorable clinicopathological features in pathological stage I non-small cell 
lung carcinoma. Lung Cancer 76 (3):431-438. doi:10.1016/j.lungcan.2011.12.004 
37. Trudel D, Desmeules P, Turcotte S, Plante M, Gregoire J, Renaud MC, Orain M, Bairati I, 
Tetu B (2014) Visual and automated assessment of matrix metalloproteinase-14 tissue expression 
for the evaluation of ovarian cancer prognosis. Mod Pathol 27 (10):1394-1404. 
doi:10.1038/modpathol.2014.32 
38. Braun M, Kirsten R, Rupp NJ, Moch H, Fend F, Wernert N, Kristiansen G, Perner S (2013) 
Quantification of protein expression in cells and cellular subcompartments on 
immunohistochemical sections using a computer supported image analysis system. Histol 
Histopathol 28 (5):605-610 
39. Dennis J, Parsa R, Chau D, Koduru P, Peng Y, Fang Y, Sarode VR (2015) Quantification of 
human epidermal growth factor receptor 2 immunohistochemistry using the Ventana Image Analysis 
System: correlation with gene amplification by fluorescence in situ hybridization: the 
importance of instrument validation for achieving high (>95%) concordance rate. Am J Surg 






Fig. 1 Immunohistochemical analysis of C-terminal (C-ter) of EphA2, N-terminal (N-ter) of EphA2 
and MT1-MMP expression in invasive SCC (a, c, e, g) and pre-invasive BD tissues (b, d, f, h). 
Immunoreactivity of EphA2 N-ter (e) was reduced compared with that of EphA2 C-ter (c) in SCC, 
whereas this difference was not evident in BD (d, f). This reduced expression levels of EphA2 
N-ter compared with the C-ter indicated that EphA2 N-ter was likely cleaved off. Insets show 
normal epidermis shown as control. a, b, hematoxylin-eosin; original magnifications: a, c, 
e, g ×20; b, d, f, h ×40. 
 
Fig. 2 Quantitative analysis of EphA2 and MT1-MMP expression in SCC and BD using Tissue Studio 
v.2.0. In SCC, expression levels of EphA2 N-terminal (N-ter) were significantly reduced 
compared with those of EphA2 C-terminal (C-ter), whereas this reduction was not present in 
BD. Data are mean ± SD. *p < 0.001 by Student’s t-test. 
 
Fig. 3 Western blotting detection of C-terminal (C-ter) of EphA2 and MT1-MMP in tissue extracts 
from cutaneous SCC and BD. Asterisk denotes proteolytic fragments (50–65 kDa). SCC1-2 and BD1-2 




Fig. 4 (a) Detection of EphA2 and MT1-MMP expression by in situ PLA and visualization by 
fluorescence detection. Red dots indicate proximity between MT1-MMP and EphA2 signals; cell 
nuclei are stained blue. (b) Levels of C-terminal (C–ter) of EphA2 and MT1-MMP protein 
expression determined by western blotting. Asterisk denotes proteolytic fragments (65 and 60 
kDa). 
 
Fig. 5 In situ PLA of MT1-MMP and EphA2 expression in human SCC tissues. (a) Visualization 
by DAB staining. Dots show signals indicative of proximity between MT1-MMP and EphA2. (b) 
Quantification of the number of MT1-MMP and EphA2 signals per cell. 
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Table 1. Characteristics of patients with squamous cell carcinoma (SCC), and Bowen’s disease (BD). 
 SCC BD P-value 
n 70 20  
    
Age (years)   0.53a 
Mean 75.48 76.95  
Range 46-99 61-90  
    
Gender   0.37b 
Male 34 12  
Female 36 8  
    
Location    
Head 2 0  
Face 26 2  
Arm 3 2  
Hand 11 5  
Body 6 3  
External genitals 7 2  
Leg 8 5  
Foot 7 1  





Table 2. Correlation between EphA2 expression levels and clinicopathological parameters of squamous 
cell carcinoma. 
 EphA2  
 C-ter ( n = 70 ) N-ter ( n = 70 ) P-value a 
Differentiation    
Well ( n = 47 ) 0.96 ± 0.22 0.69 ± 0.19 < 0.001 
Moderate ( n = 18 ) 1.00 ± 0.27 0.76 ± 0.24 < 0.01 
Poor ( n = 5 ) 1.10 ± 0.29 0.57 ± 0.2 < 0.01 
    
Tumor thickness    
< 2 mm ( n = 8 ) 1.06 ± 0.23 0.84 ± 0.25 0.08 
≥ 2 mm ( n = 62 ) 0.97 ± 0.23 0.68 ± 0.19 < 0.001 
    
Clark level    
< III ( n = 39 ) 0.96 ± 0.23 0.72 ± 0.21 < 0.001 
≥ IV ( n = 31 ) 1.01 ± 0.24 0.66 ± 0.2 < 0.001 
    
Lymph node metastasis    
Yes ( n = 10 ) 0.92 ± 0.16 0.68 ± 0.2 < 0.05 
No ( n = 60 ) 0.99 ± 0.24 0.69 ± 0.2 < 0.001 
C-ter, C-terminal; N-ter, N-terminal; a Student’s t-test.  
 
 





